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ABSTRACT

The author has andyzed the use of a light-
weight inflatable hypersonic drag device,
cdled a balute, (baloon + parachute) for
flight in planetary amospheres, for entry,
aerocapture, and aerobraking. Studies to
date include missons to Mars, Venus
Earth, Saturn, Titan, Neptune and Pluto.
Data on a Pluto lander and a Mars orbiter
will be presented to illustrate the concept.
The main advantage of usng abdlute is that
aer0  decderation and  hedting  in
atmospheric entry occurs a much smdler
amospheric dengty with a bdlute than
without it. For example, if a balute has a
dianeter 10 times as lage as the
gpacecraft, for unchanged totd mass, entry
speed and entry angle, the atmospheric
densty a pesk convective heding is
reduced by a factor of 100, reducing the
pesk hedting by a factor of 10 for the
spacecraft, and a factor of about 30 for the
balute. Consequently the entry payload
(lander, orbiter, etc.) is subject to much less
heating, requires a much reduced therma
protection sysem (possibly only an MLI
blanket), and the gpacecraft dedgn is
therefore reativdly unchanged from its
vacuum counterpart. The heat flux on the
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bdlute is smal enough to be radiated at
temperatures below 800 K or so. Also, the
heating may be reduced further because the
balute enters at amore shdlow angle, even
dlowing for the increesed ddivery angle
error.  Added advantages are a smaller
mass ratio of entry system to total entry
mass, and freedom from the low-dengty
and transonic indability problems that
conventiond rigid entry bodies suffer, snce
the vehicle attitude is determined by the
bdlute, usudly releesed a continuum
conditions (hypersonic for an orbiter, and
subsonic for a lander). Also, for a lander
the range from entry to touchdown is less,
offeing a smdler footprint. The bdlute
derives an entry corridor for aerocapture by
entering on a path that would lead to
landing, and releasing the balute adaptively,
responding to measured deceleration, a a
gpeed computed to achieve the desired
orbiter exit conditions. For a lander an
accurate landing point could be achieved by
providing the lander with a amdl gliding
capacity, usng the large potentid energy
avalable from beng subsonic a high
dtitude. Alternativedly the bdlute can be
retained to act as a parachute or soft-
landing device, or to float the payload as a
buoyant aerobot. As expected, the balute
has andler sze for rdativdy smdl entry
speeds, such as for Mars, or for the
extendgve amosphere of a low-gravity
planet such as Puto. The author will
discuss presently avalable bdlute materids
and a devdopment program  of
aerodynamic tests and materids that would



be required for balutes to achieve their full
potentid.

INTRODUCTION

A hypersonic drag device was firs studied
in the lae gxties by the Goodyear
Company in Ref. 1, and a Langley RC by
NASA in Ref. 2, one objective being to
assid the Viking landers decelerate during
Mars entry. For the Viking task wind
tunndl tests were performed on two shapes,
for which dgability was a prime
consderation. The drag device, cdled a
balute, was to be inflaled & modest
hypersonic speed some time after pesk
heating and deceleration. The balutes were
heavy and were inflated at reativey low
gpeed and high pressure.

A bdlute inflated prior to entry was first
sudied in Ref. 3, which proposed to use a
balute to decderate during entry into
Venus. One heavy bdlute, weighing severd
hundred kilograms, was inflated prior to
entry, released dfter decderation, and
replaced by another balute used as an
aerobot or buoyant platform. The authors
of Ref. 3 evaluated the convective hegting
rate and its time integra, and computed
how much materid was ablated from the
entry ballute. They aso compared severd
candidate materias for the entry bdlute. In
recent years many materias have become
commercidly avallable in very thin shedts,
and some will teke rddivdy high
temperatures, such as Kapton, up to 500
C, and PBO (Polyboxoxazole, a liquid
crystal polymer), up to 600 C.

PRESENT STUDIES

The author made a first study of a bdlute
for direct entry of a Neptune orbiter in
1994, as an dternative to use of a
convertiona  lifting vehide.  Trgectories
were computed for various entry angles and
balute sizes. It became gpparent that an
entry corridor for aerocapture could be
created by releasing the bdlute when
sufficient delta-VV had been reached during
an amospheric pass. After release the
orbiter would fly on to exit the atmosphere
with reativey little further ddtaV. One
can see that in a convective hegting Stuation
the heating rate decreases greatly when a
balute isused. For example, if the balute
diameter is ten times thet of the orbiter, the
dengity at which pesk decderation or peak
heeting is reached is reduced by a factor of
100, so that the convective hegting rate to
both the orbiter and the bdlute is thereby
reduced by a factor of 10. For the balute
an additiond reduction of square root of
10, about 3.1 comes from the large size,
and a further reduction is probable for both
orbiter and bdlute, due to the entry angle
being reduced, and the atitude being much
gregter, likey to be in a region where the
scae height is greater.  One can note aso
that even for radidive hedting there is a
reduction reaive to the orbiter
aerocapturing in a lifting body, snce the
above reduction of 100 in densty when a
balute is used reduces the radiative hegting
more than the large bdlute Sze increases it.
The reduction in hesting gpplies equdly to
the case of entry, and here the bdlute
decelerates the lander & much higher
dtitude than the conventiond rigid body
entry vehicle. Thereafter the ballute may be
released to achieve a rapid descent, or may
be retained to achieve a soft landing, or, if
the bdlute is filled with He, can become a
buoyant vehicle prior to landing. Since



1994 studies have been made of balutes
for aerocapture and entry into the planets
Mars, Venus, Earth, Saturn and Pluto and
the moon Titan. Details of a Mars orbiter
and a Pluto lander will be presented to
illustrate the process.

The decderation

hypersonic C( for the initid entry with the
balute attached, and then for the orbiter

assumes  constant

flight &fter bdlute rdesse.  The basc
decderation equation is:

dv m

& ~osvi(c,) ®

where Vg is the velocity, T istime, Cq is
the congtant drag coefficient, A is the cross
section area, p/4 * ¥, D is the diameter
and m isthe mass. The equation applies to
both ballute + orbiter and to orbiter aone,

with the appropriate vaues of m, Cqg, D
and A.

BALLUTE SHAPE

The first shape considered was a sphere,
for which the flow features are rdaivey
smple and understood. The sphere may be
inflated out of an orbiter, as shown in Fig.
la which has the advantege that the
heating on the orbiter is the same as the
balute, but has inconvenience in the vehicle
layout and in balute release. A sphere let
out astern on a tether, as in Fig. 1(b) is
more convenient, having little impact on
orbiter design, and meking ballute release
easy. The leading face and the corners of
the orbiter require therma protection with
MLI (multi-layer insulation) of some nature.
The bdlutes shown in Fig. 1 show a net

enclosng them, to take the subdtantia
aerodynamic drag force. A more efficient
shape in terms of drag per unit mass is
shown in Fig, 1(c) somewhat like afat lens.

The drag coefficient, Cq is about 2,
compared with 0.9 for a sphere, and the
balute materia mass is about one haf, o
that alens-shape bdlute for a given task will
be about one hdf the diameter of a
spherica bdlute. A further reduction of
ballute mass could be achieved by replacing
the lens shape by adisk, i.e., only one layer
of materid. Both the lens shape and the
disk require some hep in deployment,
possbly usng inflatable tubing sretching
from the orbiter as shown, and including a
crcumferentid ring. Although the lens and
the disk hold out the prospect of lower

mass and higher C(g, they have some more
complex configurations to be analyzed.
Also, the total mass of the bdlute is made
up of anet enclosing the balute, to take the
subgtantial  aerodynamic drag force, the
fabric of the balute, and gas to inflate the
volume of the sphere and the lens, and aso
the tubing. These vay differently with
radius R: the net as R, the fabric as R
squared, and the inflation gas as R cubed,
90 that the variation of totd mass is a mix
that depends on size. For avery large entry
meass the bdlute radius R would become
large enough for the R cubed term to
become dgnificant or dominant.  For
smdler balutes the fabric term varying as R
squared is usudly the main mass.

MARS ORBITER TRAJECTORIES

For the atmospheric pass for direct entry of
a micro-misson Mars orbiter, with entry
mass about 100 kg, the basic approach
was to evduae a number of entry



trgectories for different constant vaues of
bdligic coefficient, B = m/CgA, where m is

the entry mass, C( is the hypersonic drag
coefficient (0.9 for a sphere) and A is the
frontal area Trgectories were run for 7
vaues of B, = 5, 25, 1.0, 0.5, 0.25 and
0.1 kg/in?, and the ddtaV loss for a
complete pass (no bdlute release) is shown
in Fig. 2 as a function of the entry angle,
gamma. The entry speed was 5.5 km/s at
atitude 125 km, and the COSPAR nominal
atmosphere modd was used. Aerocapture
into an dliptic orbit required a deta-V of
between about 500 and 2000 m/s, shown
by the horizontd linesin Fig. 2. If the ddta-
V lossisless than about 500 m/sthe vehide
will exit in a hyperbolic trgectory. If the
detaV loss is more than about 2000 m/s
the vehicle will enter, or possbly skip out
but re-enter. The misson designer usudly
seeks afarly dose circular orbit, so thet the
target ddtaV is probably a little below
2000 nv/s. The amount by which the target
ddtaV differs from 2000 m/s will depend
on the errors expected in entry angle and
the extent to which the atmospheric densty
departs from the modd used., and the
aoility of the bdlute rdease sysem to
predict the ddtaV at exit. A burn at the
fird gpogpss is necessary to lift the
perigpse out of the atmosphere. Because
of ddivery error, computed to be about
0.25 deg at the 2 Sgma leve, and possible
vaiation in the atmosphere, one needs an
entry corridor of about 0.6 deg from one
Sde to the other to accomplish aerocapture
with certainty. Figure 2 shows the ddta-V
for a complete atmospheric pass of the
balute, whereas in actudity it is rdeased
when onboard decderation readings
indicate that a chosen ddtaV will be
achieved by the orbiter at exit.

This concept is shown in more detail in Fg.
3, which shows the speed V as a function
of entry angle gamma, for five of the
vehicle Szes. The group of curves marked
() and (2) near the top of Fig. 3 show the

veocity V a maximum decderation, gmax;
and the vdue of V a minimum dtitude,
repectively. The vehicle number is marked
on the trgectories. The remaning groups
of curves, marked (3), (4) and (5) dl refer
to exit vaues of V respectivey for the
cases. (3) for bdlute release a V = 4100
m/s in the pass, as determined by the
messured time-integrated decderation; (4)
for bdlute release a VV = 3700 m/s, and (5)
for no balute rdlease. For (3) and (4) the
dope of the V a exit with entry angle is
much less seep than when the bdlute is

retained; the B = m/|[CgA of the orbiter
after ballute release was assumed to be 30
kg/n?; this vaue is probably about haf the
value for the orbiter done, and it has been
assumed here that the orbiter will have
some pat of the balute ddiberatey
retained to give it a gable attitude in the
remainder of the atmospheric pass, or has a
skirt of some kind for the same purpose.
One can see that an entry angle corridor
width of 0.6 deg or more, as mentioned
above, is achieved for vehicles number 3, 4
and 5, rdeasing the balute a 4100 m/s.
Onewishesasmdl dope of the V exit vdue
with angle gamma, o that a high B of the
orbiter is desrable. In fact, an accurate
bdlute exit V is achieved by two steps: (1)
messure the actud ddtaV loss as a
function of time, and (2) estimate the podt-
release orbiter delta-V loss on the basis of
the onboard determination of the apparent
nominal gamma, and release a the adaptive



ddta-V loss designed to achieve accurate
exit conditions.

The peak g-load for the bdlutesis shown
versus entry angle in Fig4, ad Fg. 5
shows the peak stagnation pressure and the
peak reference convective hedting rate,

grefmax. versus entry angle.

The reference heating  parameter gref
asumed in thee cdculations is the
convective heating rate to the stagnation
point of a sphere of radius 043 m. The
equations for the peak pressure and peak
reference heeting for the balute are of the
form:

pressure p= rv2 2

convectiveheatingrateqef = const.ri/ 23 3

where rho is the amospheric dengity.. The
Knudsen number Kn of the flow was
evauaed. At pesk decderation Kn is
about 0.01 for the balute and about 0.1 for
the orbiter, so that the orbiter is in
trangtiond flow and the bdlute is in low
Reynolds number continuum flow. The
tube and tether are probably in free-
molecular  flow. The pesk bdlute
temperature is evauated from a baance of
radiation from the balute stagnation point,
both outwards and inwards, and the
incident convective heating rate.

Temperature T: (4)
. 1 g943p"°

= - %+ 1000,
2(567)eé R g 5.67

where e isthe emissvity.

BALLUTE SIZE, MASS

To determine the bdlute size corresponding

to a vdue of B = m/CdA, we assume a
mass m of 100 kg, and taking the

hypersonic C( for a sphere as 0.9, we can
find the vaues of radius R for the seven
gzes sudied. From R we can compute the

actud grefmax, and hence the maximum
temperature, assuming the bdlute materid
to radiate on both sdes with an assumed
emissvity, resching equilibium amost
indantly with the externd convective
dagnation point heating. Two maerids
were studied: Kapton, assumed to have an
emissvity of 0.5 and a mass/area of 10
gnn?, equivdent to a thickness of 7
micron, and PBO, assumed to have an
emissvity of 0.7, and a masdarea of 20
gnnt, equivalent to about 14 micron
thickness. The dataare from Ref. 4.  The
balute was presumed to be pressurized to
50 N/, the maximum externa stagnation
pressure, and to have a net made of PBO,
for which a tensle strength of 56 kgf/mm?
was assumed—the vaue a room
temperature.  The maximum tota force to
be taken by the net was the entry mass
(more exactly the orbiter mass, dmost the
same) times the maximum g-load. With
these assumptions one can compute the
masses of the ballute, the net, the He gas,
the gas bottle, assumed to be the same
mess as the He and the maximum
temperature of the stagnation point of the
balute. These steps were performed for
the 7 bdlutes with assumed entry mass of
100, 400 and 1600 kg. The maximum

temperatures, Tmax, are shown for the 7
trgectories in Fig. 6, and Fig. 7 shows the

mass fraction versus radius for the balutes
with entry mass 100, 400 and 1600 kg.



The dashed lines connect points of Tmax =

200, 300, 400, 500 and 600 C. These
mass vaues have no margin and do not
include severd bdlute related masses, eg.,
a container for the balute and a release
device, as wdl as a desgn margin, o that
real project masses would be considerably
higher. One can see that a 100 kg orbiter
with 10 gm/nt Kapton sphere would have
a radius of about 6 m. at about a pesk
temperature of 450 C.

PLUTO LANDER

The same ballute concept has been applied
to a Pluto lander, as illudrated in Fig. 8,
which shows entry trgjectories at Pluto for a

ballute with B = m/CgA of 0.05 kg/n¥, and
an entry speed of 15 km/s  The
aimosphere model was congtructed by
Russan engineers working with the Pluto
Express group at JPL, for the year 2013,
based on star occultation measurements by
MIT scientigts in 1988, and having a
surface pressure of 3 microbars. Because
of the low gravity the amosphere extends
out to 700 km, the chosen entry point, and
the entry angles are in the range 48 to 56
deg. With this vdue of B one can find a
trgjectory which decelerates to about 100
m/s a surface impact, i.e, in the range of

penetrator impact speeds.

Figures 9, 10, and 11 show, respectively
the peak g-load, the peak stagnation point
pressure, and the pesk reference
convective hegting rate versus entry angle
in the range 44 to 58 deg, at dtitude 700
km. It can be seen tha, dthough the
maximum pressure for Pluto entry is not
much more than for the Mars orbiter, the g-
loads are much larger, about 20, than for

the Mars orbiter (about 3), because the
bdlute is larger. Consequently, the net will
become a greater mass fraction for Pluto.

Figure 12 shows the temperature versus
time from entry for three vaues of B =

M/CdA a entry angle 52 deg., for an entry
mass m = 60 kg. For a given entry mass,
one can see that the pesk temperature
decreases for a larger bdlute, but then the
mass of the balute system increases, and
may consume dl the assumed entry mass.
The mass fraction was computed for a
range of entry angles 48 to 58 deg, two
entry masses, 30 and 60 kg, and for two
shapes: a sphere a 10 gm/n, and a blunt
lens shape a 20 gm/n? (PBO) and 10
g/t (Kapton). The results are shown in
Fig. 13. One can see that balutes with B =
0.1 and 0.05 kg/n? ae feasble with a
payload fraction over 50%. A 30 kg
balute with B = 0.1 kg/m? and a blunt lens
shape has aradius of 6.9 m. A disk shape
would give about the same performance
with aradius of about 4.9 m.

CAVEATS

The forces and temperatures predicted for
these bdlutes are theoretical, and require
flignt vdidation. There may be flow
ingabilities, leading to rgpid motions harmful
to the balute materids. The flow regime,
Knudsen numbers about 0.01 on the
balute, about 0.1 on the orbiter, make it
uncertain to what extent the orbiter wake
closes before reaching the balute
Suggested tedts that could cast light on the
behavior of the sysem in flight incdude
ground tests with the same drag force to
modd shape changes, sounding rocket
flights to achieve supersonic conditions,



deployment and entry tests from an Ariane
piggyback opportunity, and deployment
and entry tests out of the STS. Video
camera, accelerometers, pyrometers, color
change paints, and film temperature gauges
are gppropriate instrumentation, and aso
ground tracking.

CONCLUSIONS

Entry balutes have been sudied for a Mars
orbiter and for a Pluto lander, and the
conclusons are that the concept offers
advantages in mass fraction and flexibility of
misson desgn over conventiona entry
vehides and lifting vehides for aerocapture.
The studies indicate, for example, that one
can desgn a spherica bdlute of radius
about 6 m for a100 kg Mars orbiter, and a
blunt lens shape of balute for a Pluto lander
of radius about 6 m, for an entry mass of 30
kg, with about 50% payload. If the
concepts described here prove to be

feagble in practicd flight it would become
easer to desgn and implement amospheric
flights such as aerocapture and entry.
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